Abstract-In this article, a linear phased antenna array for beam scanning is considered with a fixed narrow/broad interference out of the scanning region. This interference is aimed to be suppressed by optimizing the positions of array elements while avoiding the rise of maximum sidelobe level (MSLL) during the main beam is scanning within the prescribed region. These two objectives; suppressing the fixed interference and avoiding the rise of MSLL during scanning are in conflict with one another. In order to evaluate the effectiveness of such multi-objective approaches it is important to report Pareto optimal solutions which are the objective way of solving multi-objective optimization problems. Thus, in this work, the genetic algorithm (GA) is introduced for the purpose of obtaining the Pareto optimal fronts for the two conflicting objectives to show the effectiveness of the proposed method.
INTRODUCTION
In the field of antenna array pattern synthesis, sidelobe level (SLL) reduction of a radiation pattern should be carried out to avoid the degradation of total radiation power efficiency. Furthermore, suppression of interfering signals from prescribed directions due to the increasing pollution of electromagnetic environment is considered as an important problem in modern radar and communication system applications. In literature, there are many works concerned with reducing the SLL of a radiation pattern [1] [2] [3] [4] or suppressing the regions having interfering signals [5] [6] [7] [8] [9] [10] . Generally, these requirements are achieved by using two different methods. In the first method, the SLL of a radiation pattern or an interfering signal have been suppressed by controlling amplitude excitations. In some of the works, the amplitude excitations have complex weights [11] [12] [13] (both amplitude and phase), while the others deal with amplitude-only optimization [10, 14, 15] . Interference suppression or SLL reducing with complex weights is the most efficient because it has greater degrees of freedom for the solution space. On the other hand, it is also the most expensive considering the cost of both phase shifter and variable attenuator for each array element. The other method adjusts the elements' positions with uniform excitations, resulting in a nonuniform array geometry [7, 16, 17] . The positions of the array elements are appropriately determined by optimization algorithms to obtain the desired radiation pattern.
In many applications, besides the reduction of SLL, several other objectives such as suppression of interfering signals or narrowing the main beam width which are often in conflict with one another are desired to be optimized in antenna array systems. These problems (multi-objective optimization problems) are in general treated by combining all of the objective functions into a simple functional form. A well-known combination is the weighted linear sum of the objectives. Clearly, the solution obtained will depend on the values of the weights specified. Thus, it may be noticed that the weighted sum method is essentially subjective. On the other hand, the objective way of solving multi-objective problems requires a Pareto optimality method, which does not require any weights and therefore no priori information on the problem is needed [18] .
Most works in reduction of interfering signals by controlling positions of array elements only consider optimizing the array geometry to suppress an interfering signal at broadside direction. By controlling the position of array elements, a non-uniform array geometry occurs and as the array is scanned a small angle from broadside, grating lobes begin to appear. In order to design an array that has reduced grating lobes during scanning, the array must be optimized when it is steered to the maximum desired scan angle [19] .
Throughout this work, the problem of suppressing the SLL of a radiation pattern of a linear antenna array is addressed during the main beam is scanning within the desired region. Besides, a fixed interference out of the scanning region is also considered to be suppressed to avoid the corruption of radiation power efficiency. Moreover in this work, in order to provide a reliable representation both of the objectives are investigated for different scan ranges and scan widths using a uniformly excited periodic array and a thinned array.
Thinning an array means turning off some elements in a uniformly spaced array to create a desired amplitude density to suppress the SLL [20] .
The paper is organized as follows: Next section is devoted to the problem formulation of the linear antenna arrays. The Pareto optimality is explained in the third section. In the fourth section, the objective function and the optimization algorithm used in this work is presented. The synthesis results are discussed in the fifth section and finally in the last section conclusions are presented.
PROBLEM FORMULATION
In this work, a linear phased array of 2N isotropic elements placed symmetrically along z-axis is considered. The array geometry is shown in Fig. 1 . Due to the symmetry of the array geometry, the array factor can be written as:
where k is the wavenumber and A n , β n and d n are the excitation amplitude, phase and location of the nth element, respectively. If it is assumed that the maximum radiation of the array is required to be oriented at an angle θ 0 (0 • ≤ θ 0 ≤ 180 • ). The phase excitations β n between the elements must be adjusted [21] : Figure 1 . The linear antenna array geometry.
Thus, by controlling the progressive phase difference between the elements, the maximum radiation can be squinted in any desired direction to form a scanning array. If β n in (2) is placed in (1) the array factor can be obtained as follows:
In this work, the MSLL of the radiation pattern and maximum level of a fixed interference located out of the scanning range are suppressed by controlling the positions of the array elements. By introducing ∆ n as the perturbation amount of the nth element that creates the required suppressed interference region and reduces SLL of the pattern Equation (3) becomes:
Now the statement of the problem simply reduces the use of GA to find the perturbation amounts of the array elements that will result in an array beam with a suppressed interference and reduced SLL of the radiation pattern while the main beam is scanning between the prescribed ranges.
MULTI-OBJECTIVE OPTIMIZATION
Multi-objective optimization is the process of simultaneously optimizing two or more conflict objectives subject to certain constraints. In the following, the multi-objective optimization problem in its general form is stated:
where f m is the mth objective function, g and h are the inequality constraints, respectively. The last set of constraints is called variable bounds, restricting each decision variable between lower x (L) i
and an upper x (U ) i bound. These multi-objective optimization problems are in general treated by combining all of the objective functions into a simple functional form. A well-known combination is the weighted linear sum of the objectives. Clearly, the solution obtained will depend on the values of the weights specified. Hence, it may be noticed that the weighted sum method is essentially subjective. On the contrary, the objective way of solving multi-objective problems requires a Pareto optimality method, which does not require any weights and no priori information on the problem is needed [18] .
The solution to a multi-objective optimization problem that can minimize at least one objective without making any other objective worse is called a Pareto improvement. A solution is defined as Pareto optimal when no further Pareto improvements can be made. Pareto frontier is the set of choices that are Pareto efficient by restricting attention to the set of choices. Thus a designer can make tradeoffs within this set, rather than considering the full range of every parameter. Furthermore, obtaining all the Pareto optimal set takes longer time than using weighted linear sum of objectives.
In this work, in order to evaluate the effectiveness of the multiobjective approach which is put forward for objectives suppressing a fixed interference during the beam is scanning with a minimum SLL, Pareto optimal solutions are presented.
OBJECTIVE FUNCTION
In this work, we are interested in designing the geometry of a linear antenna array with minimum SLL while scanning between desired scan angles. A fixed interference is also considered to be suppressed out of the scanning range with in the visible region. However, these two objectives are in conflict with each other, they must be minimized together without making other objective worse. In order to achieve this goal, the following cost functions are used to evaluate the cost:
where θ o and θ BW are the direction of the maximum radiation and the beam width of the main beam, θ o l and θ o u are the lower and upper boundaries of the scanning angles, respectively. The θ u i and θ l i are the boundaries of the spatial regions where the fixed interference is desired to be suppressed.
In the first cost function, the maximum value of the array factor on the left hand and on the right hand side of the maximum radiation direction is being reduced while the main beam is scanning within the desired region. The second cost function is for suppressing the fixed narrow/broad interference. It can also be applied for a single null suppression by a simple modification of chosing
The optimization of the positions of the elements in the array to meet the goals given with (6) and (7) is performed by the GA. The GA is a method for solving both constrained and unconstrained optimization problems that is based on natural selection, the process that drives biological evolution. The GA repeatedly modifies a population of individual solutions.
At each step, GA selects individuals randomly from the current population to be parents and uses them to produce the children for the next generation. Over successive generations, the population evolves toward an optimal solution. The GA can be applied to solve a variety of optimization problems that are not well suited for standard optimization algorithms, including problems in which the objective function is discontinuous, nondifferentiable, stochastic, or highly nonlinear. Therefore, there are many works in literature which synthesized antenna arrays having desired radiation patterns by using the GA [1, 6, 16, 22] .
The GA uses three main types of rules at each step to create the next generation from the current population: (a) Selection rules choose the individuals, called parents that contribute to the population at the next generation. (b) Crossover rules combine two parents to form children for the next generation. (c) Mutation rules apply random changes to individual parents in order to form children. The detailed theory together with literature can be found in [23] [24] [25] .
ANTENNA ARRAY SYNTHESIS EXAMPLES
In this section, the multi-objective optimization procedure introduced in the third section is applied to a linear antenna array to synthesize an array geometry having the ability of composing a radiation pattern with low SLL that is suppressing a fixed null region during the main beam is scanning. The optimization of the array elements positions is performed using the GA. The maximum amount of position perturbations is restricted to ±0.1λ to avoid the rise of mutual coupling effect between the array elements.
In the worked examples the desired objectives are achieved by optimizing the element positions of a uniformly excited linear antenna array which has 40 isotropic elements with initially uniform spacing of 0.5λ between the elements. Also, the element positions of a thinned array where six appropirate elements are turned off for obtaining the lowest SLL are optimized to achieve the same objectives. The thinned array of isotropic point sources suffers from having no sidelobe degradation when the main beam is steered within the prescribed 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 1 1 0 1]. In Fig. 2 , the radiation pattern of a uniformly excited array is given comperatively with the radiation pattern of the thinned array. In this figure, it can be seen that by turning off six elements of the uniformly excited equally spaced array, approximately −5 dB reduction in the MSLL is achieved. Turning off six elements of the array means a decrease of necessity for energy, cost and complexity of the array. Thinned array has an advantage of reducing the MSLL of the radiation patern during the main beam is scanning within the prescribed region.
Furthermore, it has the disadvantage of suppressing the fixed narrow interference region which is out of the scanning range, due to the fairly increase in the outer SLLs of the radiation pattern which can also be seen from Fig. 2 .
The reduction accomplishments of a fixed interference at 20 • and MSLL of the radiation pattern while beam scanning between prescribed regions are investigated for different scan ranges and narrow/broad interference widths with the examples. To suppress only a single point where the interference assumed to be positioned means to take a risk, because in practical implementations the mutual coupling effect between the elements of the array may corrupt the direction of suppressed point. In order to avoid this corruption, the regions 19 • -21 • and 15 • -25 • in synthesis examples with different scanning ranges have been suppressed to introduce the achievement of MSLL reducing, depending on the fixed interference out of the scanning region while the main beam is scanning within the prescribed region.
In the first implementation, a linear antenna array geometry that realizes the objectives which are suppressing the narrow region between 19 • and 21 • (an interfering signal is assumed to be positioned) and suppressing the MSLL of the radiation pattern during the main beam is scanning between the prescribed angles have been obtained. The cost functions given by (6) and (7) are used in optimization process. In (6) Fig. 3(a) and for the thinned array in Fig. 3(b) , respectively.
The features of the non-optimized radiation patterns of the uniform array and the thinned array are given in Table 1 . By using this table achievement of the optimization processes can be compared. For example, as seen in Table 1 , uniform array has maximum −13.29 dB SLL and maximum −31.57 dB value for the angular region 19 • -21 • while scanning between 80 • -100 • . After the optimization of array element positions, a set of Pareto optimal solutions have been obtained. All the solutions in the Pareto frontiers are optimal solutions and one of these solutions can be chosen according to synthesis demands.
For example, in Fig. 3(a) , the maximum value in the 19 • -21 • region can be choosen as −36 dB with −14 dB MSLL or −38 dB for Fig. 3(b) by optimizing the positions of array elements, a −18.6 dB MSLL and maximum −26 dB value for the interference region or a −18.5 dB MSLL and maximum −26.5 dB value for the interference region can be obtained.
Although, the comment only for scanning between 80 • -100 • are given here, very successfull results for other scanning ranges are also obtained as can be observed from Figs. 3(a), (b) and from Table 1 . Each of the Pareto frontiers given in Figs. 3(a) and (b) have approximately total 340 optimal points for suppressing the fixed interference and having low SLL. Thus, the solution spaces which are the perturbation amounts of the element positions are given in Table 2 , for only the Pareto optimal points pointed out in the Pareto frontiers. The radiation patterns of the points marked in Figs. 3(a) and (b) are given in Figs. 4(a) and (b) , respectively. These patterns are obtained using the perturbation amounts given in Table 2 . Figs. 4(a)  and (b) show the results optimized by the GA in comparison with the results obtained by the uniform array and thinned array. The GA has reduced the MSLL to −13.7 dB and 5 dB suppression is achieved in the interference region for uniform array, as seen in Fig. 4(a) . By using the optimized thinned array geometry the MSLL is reduced by 0.7 dB and the maximum level between 19 • -21 • is suppressed from −22.11 dB to −26 dB as seen in Fig. 4(b) .
The main beams of the radiation patterns are directed to 75 • for uniform array and to 80 • for thinned array, where the maximum radiation directions are in the scanning ranges as given in Figs. 3(a) and (b). It must be noted that, the pattern features which are the MSLL and maximum level in the interference region are valid not only for the given directions, but also valid in the full prescribed range. Thus, the optimized uniform and thinned arrays can be scanned from 70 • to 110 • and 80 • to 100 • , respectively. In many cases, a broad interference may take place in the visible region of the radiation pattern or a region that the radiation pattern is not desired to be reached may exist in the visible region. For such a situation, a broad region between 15 • and 25 • is handled to suppress by position perturbations in the second implementation. The same cost functions given in Eqs. (6) and (7) are used in the optimization The features of the non-optimized radiation patterns of the uniform array and the thinned array are given in Table 3 , where the table the achievement of the optimization processes can be observed. For example, if a designer demands a uniform array having low SLL during scanning between 70 • -110 • and suppressing a fixed broad interference, he can get −13.29 dB MSLL and maximum level of −30.18 dB with a uniform array. After the optimization for element positions of the array, a set of Pareto optimal solutions providing the same pattern features can been obtained for scanning between 60 • -120 • without any degradation in the patern features as seen in Fig. 5(a) . Furthermore, the Pareto frontier for the thinned array with the same objectives is given in Fig. 5(b) . The improvement in suppressing the broad region while scanning between 60 • -120 • can be observed using Table 3 and Fig. 5(b) . The major advantage of obtaning the Pareto frontiers is having a variety of optimal solution sets. By presenting all possible solutions flexibility of choosing the appropriate solution according to the feature demands of the radiation pattern in the design process can be supplied. The radiation patterns having the fatures of the points marked in Figs. 5(a) and (b) are given in Figs. 6(a) and (b), respectively. These patterns are composed by using the perturbation amounts given in Table 2 . These figures show the results obtained from the GA in comparison with the uniform array and thinned array.
The MSLL of the radiation pattern for uniform array is reduced to −13.8 dB with the maximum level of −33 dB in the interference region while the main beam is directed to 50 • , as seen in the Fig. 6(a) . The main beam of the radiation pattern is directed to 65 • for thinned array in Fig. 6(b) , where the maximum radiation direction is in the scanning range given in Fig. 5(b) . As Fig. 6(b) highlights, by a small amount of position perturbations of array elements, the MSLL is reduced to −21 dB.
CONCLUSION
In this paper, a multi-objective optimization procedure is put forward for the synthesis of antenna arrays having low SLL during scanning over prescribed angles. A fixed interference which is also assumed to be positioned out of the scanning range in the visible region is aimed to be suppressed. The positions of uniformly excited periodic arrays and thinned arrays are optimized to achieve these objectives. The GA is used in the optimization process for obtaining all the optimal solutions. The set of optimal solutions are given by Pareto frontiers rather than giving only an optimal solution for an objective function formed by combination of weighted sums. As it is highlighted in the Pareto optimal fronts, by optimization of uniform element positions, the fixed interference region can be suppressed more successfully than thinned arrays, where the optimized thinned arrays are more capable of reducing the MSLL of the radiation patterns. Moreover, suppressing a wider interference region negatively effects the suppression success of the interference and the MSLL of the radiation pattern during scanning.
